Introduction 40
The structural diversity of aromatic compounds in the environment is influenced by the various 41 mechanisms that produce them, including naturally occurring abiotic (1) and biotic processes (2, 42 3) as well as those of anthropogenic origin (4). Regardless of the source, the dissolved organic 43 carbon pool containing aromatic compounds in nature is typically structurally heterogeneous (5, 44 6). This is an important consideration for microbial degradation and has received significant 45 attention in studies examining the catabolism of aromatic compound mixtures classified as 46 environmental pollutants (7). Considerably less attention has focused on microbial physiology of 47 mixtures of naturally occurring aromatic compounds, such as those derived from lignin, the 48 structural component of vascular plants (8) . 49
50
Microbial mineralization of aromatic compounds plays an important role in global carbon 51 cycling and bioremediation. Bacterial aromatic catabolism is described as "catabolic funneling" 52 where upper (also called peripheral) pathways transform a diverse suite of aromatic compounds 53 into one of a limited number of intermediates that are then subject to ring cleavage (9). The β-54 ketoadipate pathway is one such pathway and is a paradigm for aerobic catabolism of plant-55 derived aromatics (10, 11) . In organisms possessing one or both its branches, peripheral 56 pathways generate dihydroxylated intermediates, either catechol or protocatechuate. Alternative 57 aerobic ring-cleaving mechanisms are also present in bacteria, including epoxidation of CoA-58 thioesterified aromatics, as occurs in the benzoyl-CoA (box) pathway for benzoate degradation 59
Previous studies reveal substrate preferences are the norm when bacterial strains are presentedMLV reverse transcriptase [Invitrogen, Carlsbad, CA] , 500 µg ml -1 random hexamers [Promega, 109
Madison, WI], 120 U RNaseOUT [Invitrogen] , 500 µM dNTPs [Promega] , and 10 mM DTT 110 [Invitrogen] . Initially the random hexamers in the presence of dNTPs were annealed to the RNA 111 for 5 min at 65°C, followed by an immediate transfer to ice to maintain the binding interaction. 112
Next, to protect the mRNA and increase full-length cDNA yields, DTT and RNaseOUT were 113 added and incubated for 2 min at 37°C. Finally cDNAs were generated from the RNA by M-114 MLV reverse transcriptase by first activating for 10 min at 25°C followed by 50 min of synthesis 115 at 37°C. The enzymes were denatured and inactivated for 15 min with 70°C, and the remaining 116 cDNA was stored at -20°C. 117 118 Gene transcription assays. RT-qPCR was used to assess relative gene expression. Transcripts 119 diagnostic of the benzoyl-CoA pathway (boxA) and the protocatechuate branch of the β-120 ketoadipate pathway (pcaH) were measured and normalized to the expression of three reference 121 genes (alaS, map, and rpoC). Primers were designed for each of these 5 genes and are shown in 122 Table S1 . All primer sets were optimized for quantitative (qPCR) using the following method. In 123 25 µl qPCR volumes, a matrix of forward and reverse primer concentrations (ranging from 100-124 1500 nM final concentrations) was used along with a fixed concentration of E-37 genomic DNA 125 triplicates were performed for each of the five primer sets used to amplify the three biological 138 triplicates at five time points. The cycling conditions were also the same as described for the 139 qPCR optimization. Non reverse-transcribed aliquots were also performed as negative controls to 140 ensure the RT-qPCR measurements represented cDNA concentration and other nucleic acids' C q 141 were negligible (>5 difference). Reference genes for normalization remained unchanged during 142 the sampling time points and have been successfully applied as reference genes to another 143 roseobacter in our laboratory (34). All normalized boxA and pcaH RT-qPCR data were 144 relativized to their basal expression of E-37 cells grown on 7 mM acetate according to 145 calculations described by Hellemans et al. (35) Ash-free dry mass (AFDM) measurements. E-37 cells grown at 30°C with 200 rpm agitation 180 in 250 ml baffled flasks containing 100 ml of 14 mM carbon in MBM were used to estimate the 181 total carbon biomass yields on different growth substrates. Cells grown to early stationary phase 182 on 2 mM benzoate, on 2 mM POB, and on 1 mM benzoate + 1 mM POB were harvested by 183 centrifugation at 6000 x g for 10 min. To capture any cells that did not pellet, supernatants were 184 passed through pre-ashed and -weighed glass fiber (GF/F) filters with a nominal 0.7 µm pore 185 size [Whatman Ltd., Maidstone, ME]. Cell pellets were resuspended in 1 ml of spent media and 186 filtered onto their respective GF/F filters. All biomass was dried on the filters for 24 h at 60°C, 187 after which their masses were measured. The dried organic material was then combusted for 4 h 188 at 450°C. The total carbon biomass for each population was determined taking into account the 189 combusted filter masses. Three biological replicates were performed for each growth substrate, 
Results 204
Sagittula stellata E-37, the representative Roseobacter selected for these studies, is a coastal 205 seawater strain that can catabolize a variety of plant-derived sugars as well as aromatic 206 compounds representative of lignin breakdown products (32, 38, 39 (Fig. 2) . These results also suggest the box pathway is strongly inducible and 248 therefore likely subject to transcriptional regulation. The approximate 5-fold difference in 249 transcript abundance between boxA and pcaH when grown on benzoate and POB, respectively, 250 may be the result of a combination of factors, including differences in promoter regulation and 251 strength, as well as transcript stability. Given these differences, transcript abundance for the 252 mixed substrate experiments described below is expressed relative to those obtained for cells 253 grown on each substrate alone. 254
255
Simultaneous catabolism of benzoate and p-hydroxybenzoate. In order to assess whether 256 there was a preferential use of either benzoate or POB in non-limiting carbon conditions, E-37 257 was provided a mixture of both compounds at equal concentrations (1 mM each). Cell density, 258 transcript abundance, PcaHG enzyme activity, and substrate concentration were monitored 259 throughout the growth cycle for each of three biological replicates (Fig. 3) . Collectively, these 260 data provided no evidence for substrate preference. Replicate growth curves were monophasic, 261 and while both boxA and pcaH transcript abundance are on average 58-95% of that found in 262 cultures grown on either substrate alone, the normalized relative quantities (NRQ) of both 263 transcript abundances were significantly higher than basal levels and remained high even as 264 substrate concentrations fell. Furthermore, PcaHG specific activities remained unchanged over 265 time and were equivalent to that found in POB-grown cells. Over the course of the experiment, 266 both benzoate and POB were removed from the growth medium at approximately the same rate 267 (Fig. S1 ). However, substrate concentrations in early logarithmic phase cultures indicate that 268 on June 27, 2017 by guest http://aem.asm.org/ Downloaded from POB is removed from the medium at a slightly faster rate than benzoate during the initial growth 269 phase. The rates of disappearance for benzoate and for POB during simultaneous catabolism 270
were not significantly different from disappearance rates when E-37 was grown on equimolar 271 carbon concentrations of each substrate individually (data not shown). 272
273
Simultaneous aromatic catabolism confers enhanced growth rates. Growth kinetics were 274 monitored to compare the physiology of cells simultaneously catabolizing benzoate and POB to 275 cells grown on each substrate individually at the same carbon concentrations. The growth rate for 276 E-37 grown on both compounds simultaneously (µ=0.129) was significantly higher (p<0.001) 277 than cells grown on benzoate (µ=0.048) and POB (µ=0.048) alone (Fig. 4) . Interestingly, there 278 was a difference in cell yield when this strain was grown on equimolar concentrations of 279 substrates that differ by a single hydroxyl group. Early stationary phase biomass yields of 100 ml 280
cultures of E-37 grown on POB (69.13±2.28 mg C) were significantly lower (p<0.015) than 281 benzoate-grown cells (79.57±4.90 mg C), while the mixed substrate grown cells yielded an 282 intermediary value (74.27±4.89 mg C). One explanation for the observed differences in biomass 283 of cultures grown on equimolar carbon concentrations is there is a difference in the ATP yield 284 for the substrates. In fact, theoretical energy calculations suggest more ATP is made per 285 molecule of benzoate proceeding through box than ATP per molecule of POB proceeding 286 through pob-pca (Table S2) . analysis of bacterial genomes that contain both the box and pca pathways (as of Jan 2013) 296 revealed significant variation in the organization of genes for POB catabolism (pobA and the pca 297 genes) and their transcriptional regulators (Fig. S2) . To date, co-localization of pobA with the 298 pca genes is unique to roseobacters, and pobA transcription appears to be coordinate with the pca 299 genes and under control of a LysR-type regulator, denoted PcaQ (38). Outside of the 300
Roseobacter clade, gene organization indicates pobA transcription is mediated by the activity of 301 an adjacently located regulatory protein-encoding pobR, belonging to either the AraC or IclR 302 family (40-42). Of the strains analyzed, simultaneous catabolism studies have only been 303 performed on Cupriavidus necator JMP 134, which possesses an AraC-type PobR protein and 304 exhibits a substrate preference for benzoate over POB (19) . 305
306
Given the unique pobA gene organization identified in roseobacters, we hypothesized that the 307 absence of a PobR homolog facilitates the growth phenotypes described here. As a first step in 308 exploring this hypothesis, we performed additional mixed substrate growth experiments with the 309 bacterium Variovorax paradoxus EPS that contains both the box and pca pathways and has an 310 IclR-type pobR, as well as another roseobacter, Ruegeria pomeroyi DSS-3, that lacks a pobR 311 homolog (Fig. S2) . It was first confirmed that both organisms could grow on the two substrates 312 individually (data not shown). In mixed substrate experiments, simultaneous catabolism of 313 on June 27, 2017 by guest http://aem.asm.org/ Downloaded from benzoate and POB was observed in DSS-3, however, preferential consumption of POB was 314 observed in EPS (Fig. S3) . 315
Discussion 316
When a bacterium is provided a mixture of growth supporting compounds, the utilization profile 317 is generally substrate concentration dependent. Under non-limiting (replete) carbon 318 concentrations, sequential utilization of substrates by bacteria is typically observed, with the 319 substrate supporting the highest growth rate receiving preference (43). This response has been 320 well studied for bacteria provided a mixture of two sugars (43), but has also been demonstrated 321 with substrate mixtures from other compound classes, including organic acids and aromatic 322 compounds (e.g., (44, 45)). Control mechanisms that are responsible for substrate utilization 323 hierarchies include substrate transport into the cell (46, 47), transcriptional regulation (48, 49), or 324 post-translational modification of enzyme(s) (50). However, these regulatory controls are often 325 relieved in substrate limiting concentrations, when mixed substrate use is essential for growth 326 (e.g., (51, 52)). In fact, as oligotrophic conditions dominate the microbial landscape (53), it is 327 possible that substrate preferences are the exception rather than the rule in most natural 328 environments (54). However, we demonstrate here simultaneous catabolism of two aromatic 329 compounds processed through separate ring-cleaving pathways in roseobacter representatives 330 occurs under carbon replete conditions (C:N:P ratio of >10,000:59:1). Furthermore, we show that 331 this metabolic versatility leads to an increased growth rate, which may contribute to the 332 competitiveness of these organisms in natural systems, particularly in coastal salt marshes, in 333 which aromatic compounds are a significant component of the dissolved organic carbon pool 334 (55). Consistent with this hypothesis is the observation that roseobacters are one of the most 335 abundant groups of bacteria associated with decaying Spartina alterniflora (56), a primary 336 source of lignin-derived aromatic compounds to these coastal systems (57). 337
338
The cross-regulatory mechanisms resulting in substrate preference when strains are provided 339 mixtures of POB and benzoate are complex and difficult to predict from genome sequences 340 reported for cells in different phases of the growth curve are in accordance with this conclusion 372 (Fig. 3) , although the specific transporters of POB and benzoate in E-37 are not yet known. In 373 other taxa, PcaK has been shown to transport POB (63), and BenK or BenP transport benzoate 374 (64, 65). However, homologs to these genes are absent in the E-37 genome (GenBank Accession, 375 AAYA00000000), as well as those of other roseobacters containing the box and pca pathways. 376
This suggests an alternative transport system for these substrates exists in lineage members. No 377 putative transport genes are found in the local vicinity (10 kb) of the pobA-pca operon in E-37. 378
However, a candidate system for benzoate transport is found directly adjacent to the box operon 379 (SSE37_24379 and SSE37_24389), which putatively encodes a dicarboxylate TRAP transporter. 380
A thorough investigation of the POB and benzoate transport systems is needed to confirm that 381 enhanced growth by strains simultaneously utilizing these compounds is due to the presence and 382 activities of separate, non-competing transport systems for these substrates. An alternative 383 explanation for the observed physiology is downhill diffusion as a result of metabolism. 384
385
In the coastal salt marshes in which roseobacters are abundant, the dissolved organic carbon pool 386 is highly aromatic and heterogeneous in structure and in distribution (55). A successful 387 ecological strategy for bacteria in such environments is metabolic versatility, a strategy 388 exemplified by cultivated roseobacter representatives (e.g. (28) 
